A second peak effect is observed for a ͑Tl, Bi͒-1212 single crystal using ac susceptibility measurements. The analysis of the frequency dependence of the second peak position shows that plasticity governs the vortex dynamics on both sides of the second peak line. This suggests that no particular change in the vortex dynamics occurs by crossing this line. We propose that this second peak effect is due to the temperature activated form of the characteristic relaxation times and to the fact that the characteristic activation energy U c and the critical current density J c have inverse variations with the magnetic field B ͑when one increases with B the other decreases͒. We also propose that the time dependence of the second peak field position should indicate the vortex dynamics behavior: an increasing second peak field position with time is a fingerprint of elastic behavior while a decreasing second peak field position with time is a fingerprint of plastic behavior. The latter case agrees well with our experimental results. ͓S0163-1829͑98͒04441-5͔
INTRODUCTION
One of the intriguing effects observable in the high-T c superconductors ͑HTCS's͒ is the anomalous increase in the measured current density with increasing applied magnetic field. This phenomenon is called the second peak ͑SP͒ effect. It has been observed in anisotropic superconductors as well as in isotropic ones. In the literature, various interpretations have been proposed to explain this phenomenon such as a change in elastic vortex creep dynamics, 1,2 field induced pinning mechanism, 3 three-dimensional ͑3D-2D͒ vortex lattice melting, 4 and recently elastic vortex creep to plastic vortex creep crossover. 5, 6 To observe the SP effect, the usual technique is to perform dc magnetization loop measurements at a given temperature. A waiting time is imposed from that the dc field is applied to that a magnetization measurement is recorded. The importance of relaxation effects in the appearance of the SP has been shown by Yeshurun et al. 7 In particular, they have shown that the effect disappears with increased waiting time at relatively high temperatures, while it is built in by increased waiting time at relatively low temperatures.
Among the proposed interpretations, the ones which give a dynamical origin to the observed SP effect are given in Refs. 1, 2 and 7. In the elastic vortex creep change interpretation, 1,2 the SP field separates the single vortex creep regime below from the bundle vortex creep one above. In such a point of view, the SP effect should be absent at very short time scales (t→t 0 ), and the observed one is due to the fact that the relaxation is much faster in the single vortex regime than in the vortex bundle regime.
To explore the response at very short time scales, Harneit et al. 8 have used ''pulsing field measurements'' which allow for an investigation of the critical state ͑as t→t 0 ). Their measurements, which were performed on ͑K, Ba͒BiO 3 , confirmed the presence of the SP effect even for very short time scales (t 0 Ϸ10 Ϫ4 sec), which is in conflict with the elastic vortex creep change interpretation.
In this work, we propose that the time or the frequency dependence of the SP field can give information on the vortex dynamics nature nearby the phase diagram SP line. Indeed, assuming that the activation energy form is given by
Since the current density works for the depinning of the vortices, f (J) should be a decreasing function. In the elastic vortex creep frame, 9 f (J) is a power-law function, i.e., f (J)ϰJ Ϫ , where is a positive constant and is positive. In plastic vortex creep f (J) is expected to have a finite value at vanishing current density and is negative. 5, 10, 11 The time dependence of a characteristic field ͑the SP field, for example͒ for a given current density, is given by
Thus, according to the shape of the f (J) function and the value, the characteristic field B SP will increase or decrease with time.
To investigate a wide range of characteristic times, we have used both dc magnetization loop and ac susceptibility measurements. The relatively high frequency values offer the possibility to probe the short time scales. A similar study has be done by Yamagushi et al. 12 in Bi-2212 using dc and ac susceptibility measurements. However, no detailed studies on the time and frequency dependence of the SP field position have been reported to date ͑to the authors knowledge͒.
In the present work we report on the observation of the SP effect using ac susceptibility measurements. We have chosen a ͑Tl, Bi͒-1212 single crystal, which has a moderate anisotropy, 19 and exhibits the SP effect, extracted from dc magnetization loops, on a large temperature range approach-PHYSICAL REVIEW B 1 NOVEMBER 1998-I VOLUME 58, NUMBER 17 PRB 58 0163-1829/98/58͑17͒/11692͑6͒/$15.00
11 692 ©1998 The American Physical Society ing even the critical temperature. The fact that it is free of twin boundaries permits us to investigate the vortex dynamics in presence of only noncorrelated defects ͑i.e., without any correlated defects such as twin boundaries or columnar defects͒. The absence of any observable first order transition in this compound suggests the presence of such defects, which could be, for example, oxygen vacancies.
In the first part of this paper, the ac susceptibility measurements taken in an applied dc field at different temperatures for given frequency are reported. The position, in B-T phase diagram, of the ac SP line is compared to that of the dc one. In the second part, the time and frequency dependences of the SP field are reported and interpreted.
EXPERIMENTAL RESULTS
A ͑Tl, Bi͒-1212 single crystal of T c ϭ89 K and size of 1000ϫ875ϫ200 m 3 is studied here. The preparation and structural details can be found elsewhere. 13 ac susceptibility measurements were performed using the ac option of a superconducting quantum interference device magnetometer, Quantum Design. The ac field strength b ac was fixed to 1 G. Both b ac and B were parallel to each other and to the c ជ axis.
In order to extract the ac SP line, the susceptibility was measured versus dc field for different temperatures. The ac frequency was fixed to f ϭ10 3 Hz.
For each temperature, the measurements begin after that the sample was zero field cooled from above T c to the studied temperature. After a pause of about 180 sec, the ac susceptibility was recorded versus dc field. A waiting time of 60 sec is imposed after each change of the dc field. Figure 1͑a͒ presents the real and imaginary parts of the ac susceptibility for temperatures going from 78 to 88 K.
For temperatures above 80 K, the real part exhibits a peak effect which is identified to the SP observed in dc magnetization loops. To determine the location of the SP field, a parabolic fit of mЈ (B) is done nearby the minimum of mЈ. The ac SP field is then estimated with an error bar of 50 G. Figure 1͑b͒ illustrates this procedure for Tϭ82 K. On Fig.  1͑a͒ , we can see that the ac SP effect is accompanied by a decrease of the imaginary susceptibility part. This means that the observable current density maximum is reached for a minimum of dissipation. The original behavior of the real part, which presents a maximum, implies the observation of two maxima of the imaginary part since the ''complete penetration'' of the ac field b ac is reached twice when the dc field varies. The couples (B SP , T SP ) corresponding to the effect are reported in Fig. 2͑a͒ . We have also reported on the same figure the SP line extracted from dc magnetization.
We will stress the following two facts. ͑a͒ The reduced temperature range for the observation of the SP effect in ac measurements. Indeed, for temperatures lower than 80 K, the effect is absent. This is due to the fact that at low temperatures, the screening current density is so large that the ac field b ac cannot significantly penetrate the sample. It just probes a negligible part of the sample volume.
͑b͒ The ac SP line is lower than the dc one. This is due to the global character of dc magnetization measurements. In fact, in the ac susceptibility, if b ac is smaller than the ac complete penetration field but sufficiently large to give a measurable penetrated volume, the probed region will be close to the surface of the sample. Thus the observable peak field ͑i.e., the applied field where the SP effect occurs B 0 ) is nearly the local real peak field. In contrast, in global dc magnetization measurements, B SP gives in some way, a mean value between B 0 when the probed region is the surface and B 1 when the probed region is the center of the sample. The scheme reported in Fig. 3 illustrates such a situation in the case of an infinite slab submitted to a parallel field. This approach is very approximative since it assumes the simple field independent current density model. The field gradient should be more important near the SP field than near the field of the full penetration and it is difficult to calculate the exact value of the shift of the ac SP line from the dc one. From  Fig. 3 , we can see that for small b ac strength, the ac susceptibility gives a good tool to probe the true second peak line. As soon as the temperature is increased, the screening current decreases and the ac superimposed field strength becomes sufficient to probe a larger part of the sample volume, until the entire sample is probed and then the ac SP line rejoins the dc one as it can be seen in Fig. 2͑b͒ .
FREQUENCY AND TIME DEPENDENCE OF THE SP LINE
As was pointed out in the introduction, the SP position time or frequency dependence is an indicator of the dissipation nature near the SP position. To investigate the SP field position time and frequency dependence, we have performed dc magnetization loops with relaxation and ac susceptibility versus field for different frequencies. In the latter case, after a set of measurements for a given frequency, the sample was warmed up to its normal state. After that, it was zero field cooled until the same studied temperature and then a set of measurements for another frequency value began. We report on the Fig. 4͑a͒ a dc magnetization loop for Tϭ84 K. The relaxation was performed in 70 min. Figure 4͑b͒ gives a zoom of the descending branch loop near the SP position. As can be seen in this figure, the SP field position decreases with the relaxation. In Fig. 5 , the ac real susceptibility part versus field at Tϭ84 K is reported for frequencies going from 10 3 to 1 Hz corresponding to characteristic times going roughly from 10 Ϫ3 to 1 sec, i.e., time scales covering three decades. As can be seen, the ac SP field position goes to lower values as the frequency is lowered. The two behaviors, i.e., the decreases of the SP field position with the time and with lowering frequency, indicates probably that plastic behavior is the dominating dynamics near the SP line in ͑T,Bi͒-1212.
In Fig. 6 , we report the frequency dependence of the SP field inverse. A satisfactory fit given by FIG. 3 . Illustration of dc global and ac measurements in the case of an infinite slab submitted to a parallel field according to the Bean frame. If B 0 is a characteristic field ͑the B SP , for example͒, the effect will be observable for an applied field B SP which is intermediate between B 0 and B 1 in dc measurements. However, the same effect appears for nearly B 0 applied field in surface ac measurements. In fact this approach is approximative since it assumes the simple field independent current density model. The field gradient should be more important near the SP field than near the field of the full penetration. 
is also represented on the same figure, giving ϭϪ1. This negative value can be explained assuming plastic creep behavior. The idea according to which the SP line represents a frontier between a B-T diagram domain where the creep is elastic below and another domain where the creep is plastic above 5, 6 should be questioned. The fact that the activation energies are well scaled using two power values of opposite signs (Ͼ0 for BϽB SP and Ͻ0 for BϾB SP ) as was done in Refs. 5 and 6, is just due to the relaxation effects.
In fact, it is possible to account for the appearance of the SP effect and its time or frequency dependence, only by assuming opposite field variations of characteristic parameters J c and U c . To do so, let us assume that the activation energy for a given temperature is given by
where f (x) is a decreasing function. Assuming the activated form of the characteristic times i.e., tϭt 0 e U/T , one can write
ͪ .
͑5͒
For a given experimental time ͑as in the dc magnetization loop measurements͒, the measured current density is then given by
JϭJ c g͑B ͒, ͑6a͒
where g(B) is given by
͓We suppose here a weak field dependence of ln(t 0 ).͔ In the observed time window, a sufficient condition for that a peak in the current density occurs is given by FIG. 7 . ͑a͒ Illustration of relaxation effects for the observation of the SP effect and on its time dependence. The measured current density is described by the interpolation form, i.e.,
Jϭ
J c ͓1ϩT ln͑t/t 0 ͒/U c ͔ J/ with ϭ7/9, U c ϰB 3 , and J c ϰ1/B 3 ͑Ref. 9͒. One can notice that the SP position increases with time (t 2 Ͼt 1 ). ͑b͒ The relaxation effects on SP fields. The measured current density is described by the Anderson model: JϭJ c ͓1ϪT ln(t/t 0 )/U c ͔ with U c ϰ1/B and J c ϰB as proposed by Perkins et al. ͑Refs. 14, 16͒. In this plastic behavior, the SP position decreases with time (t 2 Ͼt 1 ) as it is observed in our experimental measurements. 
